Abstract-Colonoscopy is the leading preventative procedure for colorectal cancer. The traditional tool used for this procedure is an endoscope, which can cause patient discomfort, pain and fear of the procedure. There has been a movement to develop a robotic capsule colonoscope (RCC) in an attempt to mitigate these drawbacks and increase procedure popularity. An RCC is a capsule robot that propels itself through the colon as opposed to being pushed, like a traditional endoscope. In this study, an overview of an in vivo RCC is given, followed by the introduction of a mobility method for an RCC using micropatterned polydimethylsiloxane (PDMS). The design of a three degree-of-freedom automated traction measurement (ATM) platform for quantitative evaluation of the mobility method is presented. An empirical model for traction force as a function of slip ratio, robot speed, and weight for micropatterned PDMS on synthetic tissue is developed using data collected from the ATM platform. The model is then used to predict traction force at different slip ratios, speeds, and weights, and is verified experimentally. The average normalized root-mean-square error (NRMSE) between the empirical model and the data used to develop the model is 1.1% (min 0.0024%, max 4.2%). The average NRMSE between the traction force predicted by the model and the data used to verify the prediction is 1.8% (min 0.020%, max 8.6%). Understanding how model parameters influence tread performance will improve future RCC mobility systems and aid in the development of analytical models, leading to more optimal designs.
I. INTRODUCTION
C OLORECTAL cancer (CRC) ranks third in incidence in the United States of all cancers for both men and women, resulting in approximately 140 000 estimated new diagnoses in 2013 [1] . It is also the third deadliest cancer in the United States, accountable for approximately 50 000 estimated deaths in 2013 [1] . The cumulative risk of CRC for people under the age of 74 is approximately 2% [2] . If detected during the earliest stage, over 93% of CRC patients can survive. Unfortunately, Recommended by Technical Editor H. Ding. This work was supported in part by the National Science Foundation (NSF) (Grant 1235532), and was performed in part at the Colorado Nanofabrication Laboratory, a member of the National Nanotechnology Infrastructure Network, which was supported by NSF (Grant ECS-0335765). This work was also supported in part by NSF through Graduate Research Fellowships to Mr. Sliker and Ms. Kern.
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Digital Object Identifier 10.1109/TMECH.2014.2357037 less than 10% of CRC cases are detected in the earliest stage [3] . To increase early detection rates, regular colon screening is highly recommended for patients older than 50 years of age or for those who have a family history of CRC [4] . Colonoscopy is the most effective method for colon screening due to the ability to visualize the colon, acquire immediate biopsies, and remove cancerous polyps [5] , [6] , but screening rates remain low due to fear of the procedure, patient discomfort, and invasiveness [7] . The tool used for a traditional colonoscopy is an endoscope consisting of a long, flexible scope, which is inserted into the anus, advanced through the rectum and into the colon. Looping occurs when the distal end of the scope does not advance in the colon, but the rest of the scope does, displacing the colon from its normal configuration and stretching the mesentery muscles. It has been shown that looping is responsible for 90% of the pain episodes in colonoscopy procedures and increases the chance of tissue damage and perforation [8] . In an attempt to decrease procedure invasiveness, which may decrease the patient's fear of the procedure as well as any pain caused by looping, there has been a movement away from scopes and a trend in research toward development of robotic capsule colonoscopes (RCCs).
Passive capsules for gastrointestinal exploration have been FDA approved and commercially available for almost one decade. State-of-the-art capsules include The PillCam, by Given Imaging, Ltd., and the EndoCapsule, by Olympus. These pillshaped capsules are swallowed by the patient, and their onboard imaging systems provide visual feedback to healthcare providers. The main limitation of these capsules is their passive nature and thus the inability to control their position and orientation. This drawback has led to the development of mobility systems for capsules within the research community. A capsule colonoscope with an active locomotion system is termed RCC. This paper details the mobility system of an RCC developed by our group, and a three degree-of-freedom (DOF) automated traction measurement (ATM) platform developed to test the mobility system as the RCC design is continually improved. It is important to understand the traction force that an RCC mobility system is capable of generating, so an empirical model was developed for traction force as a function of RCC slip ratio, speed, and weight (discussed in Section III-C) on synthetic tissue. The empirical model is used to predict traction force at different robot speeds and weights on synthetic tissue and is verified experimentally. This paper builds upon the work published in [9] , emphasizing the design and development of the ATM platform, including an analysis of the measurement signal noise which was not included in [9] . Furthermore, this study includes a Fig. 1 . RCC prototype with micropatterned PDMS treads as a mobility method. This prototype includes a CMOS camera, LEDs for illumination, and a small tether for power and video transmission.
modified empirical model with a more in-depth explanation of the development, analysis, presentation, discussion, and a practical application of the model to a prototype previously developed in [10] .
II. BACKGROUND
The RCC developed by our group utilizes micropatterned polydimethylsiloxane (PDMS) treads for friction enhancement within the colon. To better understand the friction enhancement capabilities of the PDMS and ultimately design more optimal tread patterns, the ATM platform was designed to evaluate tread performance on various viscoelastic substrates and under various conditions and input parameters. The automation is imperative to the study because it reduces the variability, especially for future studies in which biological tissue will be used. The use of synthetic tissue over biological tissue in this study also reduces variability.
A. In Vivo Robotic Capsule Colonoscopy
An RCC has the ability to self-mobilize, removing the need for a scope to be pushed manually, which mitigates significant pressure against the walls of the lumen, or removing the need to rely on passive locomotion of a capsule. Several mobility methods for RCCs have been pursued including legged [11] , inch-worm [12] , and externally linked magnetic [13] , [14] . The legged capsules are mechanically complex, and significantly distend the colon in the radial direction, which has raised concerns regarding tissue damage. The inch-worm capsules have been shown to be successful, but rely on a relatively long device length to operate. Although the magnetically actuated capsules provide a promising locomotion method and a simple capsule design, these systems require bulky magnetic equipment external to the patient which take up space and can interfere with other operating room equipment. Our group has had success in the past with in vivo wheeled robotic mobility using biologically inspired micropatterned PDMS treads [15] , which led to the design of an RCC (see Fig. 1 ) utilizing the same micropatterned treads [10] . The RCC in Fig. 1 consists of a plastic housing with an internally embedded dc motor which drives a gear train. The gear train drives timing pulleys which mate with the inside teeth of each custom tread located radially around the RCC. Each of the eight treads is 3 mm wide (w t ) and 46 mm long (l t ). The RCC in Fig. 1 has a 29 mm diameter and length l t . The PDMS treads are fabricated with a micropattern on the external surface which makes contact with the inner lumen colon tissue and en- hances traction, while minimizing adhesion [16] . The normal force exerted on the RCC by the surrounding intestinal walls is
where P is the contact pressure exerted on the RCC by the surrounding intestinal walls, N t is the number of treads per side, and N s is the number of sides on the RCC. For the RCC to accelerate, the traction force produced by the micropatterned treads needs to be larger than the frictional force (F f ) between the intestine and the RCC housing. Frictional force on the RCC housing can be calculated using
where w h is the width of the housing between two treads on a side and μ h is the coefficient of kinetic friction between the housing and intestinal tissue.
B. Micropatterned Polymer Treads
Micropatterning has been used in multiple fields for a vast array of purposes, ranging from microfluidics to friction enhancement. Micropatterning for friction enhancement has been biologically inspired by insect feet. Certain terrestrial animals have evolved to develop microscopic hairs on the pads of their feet to enhance friction for locomotion on various substrates [17] , [18] . The pad is able to match the surface structure of the substrate, maximizing the contact surface area, and thus increasing the frictional and adhesive properties of the feet [19] - [21] . It has been shown that biological friction enhancement can be synthesized by micropatterning polymers to mimic the microscopic features on the insect feet. In this study, one micropattern (see Fig. 2 ) is studied and the resulting traction force produced on the synthetic tissue is examined through quantitative benchtop testing. The size and spacing of the micropattern used in this study were optimized by Sitti et al. in [22] for friction enhancement on small intestinal tissue.
C. Tribology Testing Platforms
Others have developed and used devices for physical measurements on biological tissue specimens. For example, Glass et al. used two devices to measure the friction force of micropatterned PDMS on tissue [23] . The first device measured dynamic friction on a flat tissue sample while the second device measured static friction in a lumenal tissue sample. While these devices were able to detect differences in micropatterns, they were not capable of varying slip due to the fixed tissue samples.
Terry et al. developed a device to drag various materials across tissue samples to measure friction force [24] , [25] at varying drag speeds; however, the device was incapable of varying slip as the tissue substrate was fixed.
A device was developed in [26] which was capable of inducing slip by both rotating and linearly translating a wheel across a fixed tissue substrate. The device was capable of detecting differences in drawbar force for wheels with large mechanical grousers. However, no results were presented for varying translational speeds.
We previously developed a device capable of inducing slip while varying translational speed [27] ; however, it was not capable of closed-loop normal force control (i.e., robot weight). It was capable of only three preset normal forces. The device presented here is capable of closed-loop control and autonomous variation of rotational speed, translational speed, and normal force, while detecting traction force for various micropatterned wheel samples and biological substrates. The automation reduces human input and error, producing a more repeatable study.
III. METHODOLOGY
A parametric study was performed to determine how the micropatterned tread traction force on synthetic tissue is affected by robot translational speed, robot wheel rotational speed, and robot weight (i.e., normal force). An empirical model was developed to define traction force as a function of slip ratio (a normalized difference between translational and angular wheel velocities), robot translational speed, and robot weight. The model was used to predict traction force at new speeds, slip ratios and weights, and then verified using additional experimental data.
Although the ultimate goal is to gain an in-depth understanding of micropatterned tread performance on biological tissue substrates, an important first step is to perform these experiments and develop models for a highly repeatable substrate such as the synthetic tissue used in this study. The substrate used was viscoelastic synthetic tissue with the following parameters for a standard linear solid (SLS) viscoelastic model: E 1 = 16.4 kPa, E 2 = 0.467 kPa, and η = 20.3 kPa · s. The detailed procedure used to measure these parameters can be found in [28] . The material properties of the synthetic tissue resemble typical biological tissues encountered during a colonoscopy such as intestinal tissue and the surrounding abdominal organs (e.g., liver and spleen). One synthetic tissue sample was used for all tests and did not incur any damage or material alteration throughout the tests. All tests were performed in a randomized order.
A. Micropattern Tread Fabrication
The micropatterned tread was fabricated from a micromold which was made using a standard photolithography technique [15] . The pattern (see Fig. 2 ) features circular pillars 140 μm in diameter and 70 μm tall. The pillars have an equal edgeto-edge spacing of 105 μm. Liquid PDMS (Sylgard 184, Dow Corning, USA) was mixed at a 10:1 base to curing agent weight ratio and poured onto the micromold to create a 1 mm thick tread. The mold was degassed under vacuum and heat cured. The micropatterned tread was attached to an aluminum wheel hub using double-sided tape and the hub was fixed to the axle of the ATM platform. The following parameters for an SLS viscoelastic model of the PDMS treads were measured using the procedure in [28] : E 1 = 1.29 MPa, E 2 = 0.072 MPa, and η = 0.11 MPa · s. Tread stiffness is approximately 12 times that of the substrate.
B. Three DOF ATM Platform
The ATM platform (see Fig. 3 ) has three DOFs controlling the normal force, and rotational and translational motion of a rigid wheel along a substrate. The first DOF provides rotation for the micropatterned wheel. The second DOF provides translation of the wheel along the substrate. The third DOF adjusts the normal force of the wheel. There is a fourth actuated movement which lifts the wheel off of the substrate during a reset procedure.
1) ATM Design:
The ATM platform consists of a base, force plate, linear slider (Del-Tron Precision, Inc., USA), linear motion drive system, horizontal pivoting arm, normal force control system, and rotational motion drive system.
The force plate is fixed to the base of the ATM platform via four horizontally oriented cantilever load cells (0-300 g Weighing Load Cell, Sourcing Map, China) which measure normal force on the plate. The force plate consists of two horizontal plates connected in parallel with four vertically oriented cantilever load cells (0-300 g Weighing Load Cell, Sourcing Map, China) which measure traction force. The top plate serves as a platform for the synthetic tissue substrate. The base of the linear slider is also fixed to the base of the ATM platform.
The linear motion driving system consists of a dc motor (1447, Pololu, USA), a rack (A 1C12MY04A150, SDP/SI, USA), and a pinion (A 1Y 2MY04075, SDP/SI, USA). The rack gear is fixed to the base of the ATM platform, parallel to the sliding axis of the linear slider. The dc motor is mounted to the top of the linear slider. The pinion gear mounted to the shaft of the dc motor mates with the rack providing linear motion.
A pair of parallel vertical brackets is attached to the top of the linear slider to provide the pivot point for the horizontal arm. The normal force control and rotational motion drive systems are mounted to the horizontal pivoting arm.
The normal force control system consists of a linear stepper motor (25844-05-001ENG, Haydon-Kerk, USA) and a counterweight. The stepper motor actuates the counterweight, adjusting its distance from the fulcrum, which, in combination with the feedback from the normal load cells, controls the normal force of the wheel.
The rotational motion drive system consists of a dc motor (1447, Pololu, USA), two timing pulleys (A 6A51M017DF0306, SDP/SI, USA), and a timing belt (A 6R51M049030, SDP/SI, USA), providing rotational motion to the wheel axle. The motor is mounted to the end of the horizontal arm with a timing pulley mounted to the shaft of the motor. The second timing pulley is fixed to the wheel axle. The motor shaft and wheel axle are linked with the timing belt.
Each dc motor is equipped with an encoder providing feedback for closed-loop control in both rotation and translation. The position, velocity, and acceleration of the two dc motors are controlled by a motor controller (R0403, Basic Micro, USA), which is interfaced with a custom software program (LabVIEW, National Instruments, USA) through a personal computer (PC). The normal force load cells (i.e., horizontal cantilever load cells) provide feedback for closed-loop automated normal force control. The linear stepper motor position (for counterweight adjustment) is controlled by a stepper motor driver (EDE1204, E-LAB Digital Engineering, Inc., USA) and is interfaced with the same custom software program and PC.
A servo motor (S3003, Futaba, Japan) is fixed to the vertical brackets and provides lift to the horizontal arm during a reset procedure to prevent the wheel from dragging across the substrate after each trial. During a trial, the servo motor is idle, and is not in contact with the horizontal arm, allowing the arm to rotate freely about the fulcrum.
2) ATM Control: The ATM platform is controlled by a custom software program and is designed to run numerous trials of programmed permutations and combinations of linear speed, rotational speed, and normal force. Prior to a given trial, the wheel is placed on the substrate and the normal force is set by the linear actuator through movement of the counterweight and the feedback signal (10 kHz, 24 b). During a trial, the wheel is rotated and translated by the two dc motors. Upon activation of the motors, traction and normal force data are collected (10 kHz, 24 b) for the remainder of the trial. The travel distance of the wheel is adjustable with a range of 0-100 nm. The travel distance for the results presented in this study was 50 nm. The duration of a trial is dependent on the translational speed of the wheel. After each trial, the wheel is raised by the servo, and the motors reset the wheel to the initial position. This process is autonomously repeated for all programmed combinations of normal force, translational speed, and rotational speed. The raw traction force data (see Fig. 4 ) are postprocessed by taking the mean of the steady-state (to account for acceleration and decel- eration of the wheel) portion of each trial. It was determined that by taking the mean of the middle 60% of each trial, the transient data at the beginning of the trial (from wheel acceleration) and at the end of the trial (from wheel deceleration) were truncated in all cases. A representative plot of raw traction force data is shown in Fig. 4 . Actual normal force, translational speed, and slip ratio values are measured during all trials. The average errors between the set points and the measured values are 0.022 N, 0.0039 mm/s, and 6.7 × 10 −4 , correspondingly. A convenient way to represent the rotational speed of a wheel relative to the translational speed is through a nondimensional value termed slip ratio r s ,
whereẋ is the translational speed of the wheel (mm/s),θ is the rotational speed of the wheel (rad/s), and r is the radius of the wheel (mm). Slip ratio has a range between negative infinity and one. A negative slip ratio is indicative of a dragging or braking wheel (ẋ > rθ). A slip ratio of zero is indicative of pure rolling (ẋ = rθ). A positive slip ratio is indicative of a slipping wheel (rθ >ẋ). The force plate was characterized by applying known forces in both normal and tangential directions over multiple points of contact. No drift was observed over long periods (>4 h) of time.
3) Filter Design: A second-order Butterworth low-pass filter was designed to mitigate the noise from the motors. To determine the cutoff frequency, raw traction force data were taken at a range of motor speeds, first with the rotational motor on, second with linear motor on, and third with both motors on (see Fig. 5 ). The wheel and substrate were not engaged during these trials so that only vibration and electrical noise from the motors were measured. A typical frequency response of the raw data with both motors active (see Fig. 5 , top) showed a consistent high spectral density around 100 Hz and no significant spectral density below 20 Hz. A typical frequency response of Fig. 5 . Frequency response of raw data with both motors on (top) shows a high spectral density around 100 Hz. A frequency response of raw data with the wheel and substrate engaged (middle) shows a high spectral density at frequencies less than 5 Hz. A comparison of raw data with both motors stationary and with both motors active (bottom) shows that noise is introduced to the data when at least one motor is active. A filter with a 5 Hz cutoff frequency was implemented to eliminate high frequency noise due to the motors but keep low frequency responses due to wheel/substrate engagement. Further analysis was performed to show that pre-and postfiltered data had, on average, 0.64% relative difference when the wheel and substrate were engaged. the raw data with wheel/substrate engagement (see Fig. 5 , middle) showed a consistent high spectral density well below 5 Hz. Therefore, the cutoff frequency for the filter was set to 5 Hz to eliminate high frequency noise from the motors, but keep low frequency responses due to wheel/substrate engagement. Raw traction force data with both motors activated, no motors activated, and the second-order Butterworth filter applied are shown in Fig. 5(bottom) .
To determine if the filter affected the system response, data were collected at multiple sampling rates (10 kHz, 1 kHz, 100 kHz, 50 Hz, and 10 Hz), translational speeds (2, 4, 6, 8, and 10 mm/s), and slip ratios (0, 0.1, 0.2, 0.3, and 0.4) in both filtered and unfiltered form. The mean of the steady-state raw data was compared between filtered and unfiltered data and the percent difference was calculated. The mean difference between the filtered and unfiltered data across all sampling rates, translational speeds, and slip ratios was 0.64% (±1.1%). Filtering and then taking the mean should theoretically be equal to the mean of the unfiltered data. Since only the mean of the raw data is analyzed in this study, filtering is not necessary. However, it was important to identify the source of the noise and show that it could be filtered from the signal. Additionally, future experiments might focus on the transient traction force data, in which case filtering will be beneficial. The remaining traction and normal force data presented in this paper have been passed through the second-order Butterworth filter with a 5 Hz cutoff frequency.
C. Empirical Model Development
An empirical model was developed from a set of data collected from the ATM platform. The parameters programmed for variation were five normal forces (0.15, 0.25, 0.35, 0.45, and [29] . Although a combination of high normal force and high slip ratio is unlikely in practice, all combinations are included here in an attempt to fully understand the mechanics, even under extreme conditions. The dataset consists of one trial at each parameter combination for a total of 125 permutations. The wheel was made from a 9-mm radius (r h ) aluminum hub with a 1-mmthick micropatterned PDMS layer as the tread, giving the wheel a 10 mm total radius (r w ).
To develop the model, the mean traction force (F T ) data were plotted against slip ratio (r s ) on a log-log scale which revealed a linear relationship described by
where B is the slope of the log-log plot and log(A) is the log(F T ) intercept (see Fig. 6 ). The average correlation coefficient between log(F T ) and log(r s ) for all cases was 0.998 with 99% confidence. The form in (4) can be contracted to
and an inverse logarithmic transform of (5) yields
which best represents the data. A nonlinear regression of the form in (6) was performed to obtain A and B constant values for all five translational speeds (ẋ) and normal forces (F N ). The regressions resulted in 5 × 5 matrices of constants for A and B, corresponding to the 25 different combinations of normal force and translational speeds. Then, A and B were assumed to be functions of normal force and translational speed. Finally, the data for A were fit to a first degree polynomial in normal force and second degree polynomial in translational speed, while the data for B were fit to a second degree polynomial in normal force and third degree polynomial in translational speed. The 
where
Values for the coefficients of (8) and (9) are reported in Table I along with the r-squared values of the polynomials. The average normalized root-mean-square error (NRMSE) between the model and the experimental values used to develop the model was calculated. NRMSE was used as opposed to percentage error due to the nonlinear relationship between error severity and size. NRMSE distinguishes this empirical model from the model presented in [9] , which is less accurate due to the use of percentage error.
D. Empirical Model Validation
The empirical model was used to predict traction force at an additional five normal forces (0.20, 0.30, 0.40, 0.50, and 0.60 N), translational speeds (3, 5, 7, 9, and 11 mm/s), and slip ratios (0.05, 0.15, 0.25, 0.35, and 0.45). It is important to note that these parameter values were not used to develop the model. A second set of data was collected for these parameters using the ATM platform. Each combination of normal force, slip ratio, and translational speed was measured once for a total of 125 permutations. The predicted (from empirical model) and experimental values (from ATM platform) were compared as a validation of the model. The average NRMSE between the predicted values from the model and the experimental values measured by the ATM platform was calculated.
IV. RESULTS
The results are presented in Section IV-A and IV-B, followed by the discussion in Section V. Each data point displayed in Figs. 7 and 8 represents one trial, and the error bars associated N shown) . Experimental data (data points) were used to verify the model at select measured slip ratios, translational speeds, and normal forces. The average NRMSE between the predicted traction force and the experimental data was 1.8% (min 0.020%, max 8.6%). Error bars are standard deviation of the in trial mean.
with each data point represent the in trial error. To obtain the value for each data point, the steady-state traction force from each trial was averaged, while the error bars are the standard deviation of that mean. The slip ratios and velocities reported in Figs. 7 and 8 are measured values.
A. Empirical Model Development
The developed empirical model for traction force is plotted against slip ratio with the data used to develop the model in Fig. 7 . The data and model plotted in Fig. 7 are for a normal force of 0.55 N and are representative of the data found in the four other normal forces measured. The mean and max NRMSE between all of the data and the developed model were 1.1% and 4.2%, respectively, suggesting that traction force can be described by normal force, translational speed, and slip ratio.
B. Empirical Model Validation
The empirical model was used to predict traction force at additional normal forces, translational speeds, and slip ratios (see Fig. 8 ). The lines in Fig. 8 are the predicted values from the model; each line represents a new translational speed, different from the translational speeds used to develop the model. Although the data represented in Fig. 8 are for a normal force of 0.60 N, the data are representative of all other normal forces. The mean NRMSE between all predicted traction force and validation data was 1.8% with a maximum NRMSE of 8.6%, indicating that traction force can be sufficiently approximated using the empirical equation described in (7).
V. DISCUSSION
This empirical model builds confidence for the capabilities of the three DOF ATM platform. The empirical model is able to predict tread performance for the micropatterned wheel in Fig. 2 on the synthetic substrate for slip ratios in the range of 0-0.45, RCC speeds in the range of 2-11 mm/s, and RCC weights in the range of 0.15-0.60 N. In vivo dynamics of future RCC prototypes will likely fall into these ranges. It is hypothesized that the coefficients in Table I are functions of substrate material properties (e.g., modulus, viscoelastic time constant, surface roughness, and hydrophobicity) and tread parameters such as geometry, spacing, aspect ratio, and tread material stiffness. A future goal will be to develop a comprehensive empirical model that can predict the performance of a micropatterned tread on any biological tissue, given the geometrical parameters of the tread and the mechanical properties of the substrate. This model is a necessary first step as it verifies the ability to build such a model while bypassing high variability from biological tissue. An analytical model describing the contact mechanics between the micropatterned treads and substrate is the ultimate goal of the research, but the empirical model gives insight into various physical trends.
It is observed that traction force increases with slip ratio to fit the form in (7) . Traction force also increases with normal force and translational speed. The results here contradict those of Canudas et al. in [30] , who propose dynamic tire friction models for traction on various surfaces. In [30] , traction force increases with slip ratio to a point (e.g., 10%) and then decreases. Additionally, Canudas et al. report that traction force decreases with increasing vehicle velocity. The main difference between automobile traction research and the research presented here is the mechanical properties of the substrate. Here, tests are performed on a soft, viscoelastic substrate, while the model proposed in [30] is for a rigid and elastic substrate. In addition to our findings, frictional resistance of an object in contact with a viscoelastic substrate has been shown by others [31] - [37] to be directly proportional to object horizontal speed, normal force, and slip ratio. It is well accepted that the positive correlation to speed is a result of the strain-rate dependent stress response of the substrate. With tissue (or in this case synthetic tissue), the substrate deformation is relatively large, so the strain rate effect is magnified.
In addition, the trends observed here with data taken using the three DOF ATM platform agree with the results in [27] which utilized an entirely different traction force measurement platform. The results in [27] show that traction force increases with slip ratio, normal force, and speed for the same micropattern used in this study on dry synthetic tissue. Furthermore, the mean NRMSE between the data presented here and the data from equivalent parameter values in [27] is 1.1%.
In [29] , Terry et al. report a mean contact force from myenteric contractions on a 2.2 cm diameter solid bolus of 1.9 ± 1.0 N/cm. Using (1), an RCC of identical diameter to the bolus in [29] would experience a summed normal force of 0.30 N. Using (1) and (7)- (9), and assumingẋ = 5 mm/s, r s = 0.15, w t = 3 mm, w h = 6 mm, and l t = 46 mm, the RCC could produce up to a 7.0 N traction force on synthetic tissue. Using (2) and the value for μ h reported by Gorb [25] , the frictional force on the housing of the RCC by intestinal tissue would be 0.015 N. The traction force produced is larger than the frictional force which satisfies the requirement for acceleration. However, the friction coefficient reported by Gorb [25] is for polycarbonate (similar to RCC housing material) on small porcine intestine while the model predicts traction force of micropatterned treads on synthetic tissue. For an accurate prediction of RCC mobility in the intestine, the model will need to be developed using intestinal tissue as a substrate. We predict that the traction force will reduce by an order of magnitude for real tissue, but still be larger than the frictional force, in which case a control strategy will need to be implemented so that the RCC operates within an optimal traction force to friction force ratio. It is important to note that the frictional force calculated here does not include opposing forces due to a tether. Although a 7 N traction force is much larger than the opposing friction, it is well below reported values for colonic tissue damage [38] , [39] .
The error bars in Figs. 7 and 8 are small considering that each data point is one trial (e.g., Fig. 4 ). The error bars are expected to decrease with additional trials and further calibration of the three DOF ATM platform. A large percentage of the error is a result of noise produced from vibrations within the viscoelastic substrate. When traction force data are collected at a static state, the error is negligible (±0.0056 N) . Also, a general observation that the authors have noticed during the development of the ATM platform is that error increases with decreasing substrate viscoelasticity, due to the fact that there is less damping in a more elastic material.
The ATM platform is an important tool for RCC mobility as it can be used to evaluate future tread patterns and materials. The evaluation of additional micropatterns at multiple permutations of slip ratio, translational speed, and normal force on various synthetic and biological substrates will lead to additional empirical models which will in turn be used to validate future analytical models. Once the contact mechanics between the micropattern and substrate are well understood, an optimized micropatterned mobility system for an RCC will be attainable.
It is worth mentioning that the empirical model can theoretically be built upon indefinitely (i.e., including other parameters such as material properties, surface properties, and geometrical parameters). The results presented here formulate a basis to build upon. A natural end point of the project is to develop a comprehensive model that can predict (to within 10%) the traction force of a micropatterned wheel on a viscoelastic substrate, given the rotational and translational velocities, weight, and micropattern geometrical dimensions of the wheel along with the material (e.g., SLS parameters) and surface properties of the substrate. It is difficult, if not impossible, to acquire realtime information about tissue properties in vivo, but it might be feasible to obtain a generalized characterization of the colon (the target location for the RCC) by compiling results from the literature and supplementing them with extensive experiments. Material properties of the colon might be location dependent, in which case values from a lookup table could be queried using localization data from RCC sensors. Furthermore, it may be possible to estimate the most critical (in terms of model accuracy) material properties (e.g., long-or short-term modulus, viscosity constant) using embedded onboard sensors (e.g., force, pressure, displacement, ultrasonic transducer/receiver) in combination with finite-element models of the tissue [40] and ultrasonography. A future addition to the ATM platform will be a sensor to measure vertical deflection of the wheel during a trial. This will be useful for validating future analytical models.
There are several challenges to moving RCCs, especially those with onboard locomotion systems, toward an FDA approval pathway. As mentioned in [41] , RCCs with onboard actuation methods face challenges related to size, actuator selection, and power supplies. As our prototype is intended for use in the colon, the target size is not one that is swallowable, but the size does need to be reduced for clinical use. Our vision includes a working channel for tools, irrigation, and insufflation, which will require a tether. This tether could include power and video signal transmission, so onboard power considerations are not necessary. We believe that an RCC with a 5 mm diameter tether is just as practical as a 13 mm diameter colonoscope. Further considerations for FDA approval will include reliability testing and sterilization procedures. The RCC will likely need to be introduced rectally, and might not initially reduce patient fear of the procedure, but more importantly is the potential for pain reduction, which will eventually lead to widespread acceptance.
Future RCC prototypes will include a number of methods to track robot translational position and velocity in order to obtain slip ratio. These methods include magnetics, gyroscopes, accelerometers, and onboard imaging. With the ability to measure in vivo slip ratio, we will be able to further validate the empirical model. Additionally, we plan to incorporate a solidstate pressure sensor (MPXH6300A, Freescale Semiconductor, Austin, TX, USA) into the next iteration of the RCC, which has a 300 kPa sensing range and 0.005 kPa resolution (with a 16 b analog-to-digital converter). This will prove useful for measuring the normal force needed for the empirical model. Implementation of sensors will also enable feedback for future control algorithms using the developed empirical model. Currently, the RCC is teleoperated, but automated navigation for screening with voluntary teleoperated interruptions for diagnosis and therapy is a future goal. This will require sensorization of the RCC so that precise localization can be achieved for a feedback signal. Additionally, image processing (using the onboard camera) will be used for feature recognition and position tracking.
VI. CONCLUSION
A three DOF automated testing device was presented for quantitative evaluation of micropatterned treads for RCC mobility. An empirical model was developed to describe traction force as a function of slip ratio, translational speed (i.e., robot speed) and normal force (i.e., robot weight). The model was able to predict traction force for additional normal forces, slip ratios, and translational speeds with a mean NRMSE of 1.8%. Increases in slip ratio, normal force, and translational speed correlate with increases in traction force.
The custom-designed ATM platform presented is capable of quantitative measurement of traction force for a micropatterned tread on a viscoelastic substrate. This device will be useful in the future for evaluating additional micropatterns on additional substrates. The preliminary empirical model builds confidence for the capabilities of the ATM platform and will be used to develop future analytical models.
